Halofuginone has been shown to prevent fibrosis via the transforming growth factor-β/Smad3 pathway in muscular dystrophies. We hypothesized that halofuginone would reduce apoptosis-the presumed cause of satellite-cell depletion during muscle degradation-in the mdx mouse model of Duchenne muscular dystrophy. Six-week-old mdx mouse diaphragm exhibited fourfold higher numbers of apoptotic nuclei compared with wild-type mice as determined by a TUNEL assay. Apoptotic nuclei were found in macrophages and in Pax7expressing cells; some were located in centrally-nucleated regenerating myofibers. Halofuginone treatment of mdx mice reduced the apoptotic nuclei number in the diaphragm, together with reduction in Bax and induction in Bcl2 levels in myofibers isolated from these mice. A similar effect was observed when halofuginone was added to cultured myofibers. No apparent effect of halofuginone was observed in wild-type mice. Inhibition of apoptosis or staurosporine-induced apoptosis by halofuginone in mdx primary myoblasts and C2 myogenic cell line, respectively, was reflected by less pyknotic/apoptotic cells and reduced Bax expression. This reduction was reversed by a phosphinositide-3-kinase and mitogen-activated protein kinase/extracellular signal-regulated protein kinase inhibitors, suggesting involvement of these pathways in mediating halofuginone's effects on apoptosis. Halofuginone increased apoptosis in α smooth muscle actin-and prolyl 4-hydroxylase β-expressing cells in mdx diaphragm and in myofibroblasts, the major source of extracellular matrix. The data suggest an additional mechanism by which halofuginone improves muscle pathology and function in muscular dystrophies.
Introduction
Adult skeletal myofibers are terminally differentiated. Therefore, regeneration after injury or in muscular dystrophies (MDs) depends on recruitment of resident satellite cells. Upon appropriate stimulatory signals, satellite cells are activated from the quiescent stage, undergo proliferation and myogenic differentiation, and subsequently fuse with pre-existing myofibers or with other myoblasts, forming myotubes which mature into new myofibers [reviewed in 1, 2] . Therefore, the survival and proliferative potential of satellite cells determine the regenerative capacity of skeletal muscles.
Studies have shown that myogenic differentiation is accompanied by apoptosis [3] [4] [5] [6] . However, a positive correlation between muscle wasting and apoptotic signals was observed after acute stress, such as electrical stimulation [7] and angiotensin II treatment [8] , and in chronic conditions such as myostatin-null mice [9] , aging [10] , cachexia [11] and MDs [reviewed in 12, 13] . In MDs, the muscle wasting due to loss of myofibers is accompanied by fibrosis and muscle-function failure. Necrosis is probably the major leading cause of myofiber degradation in many MDs with sarcolemmal deficiencies, but in the mdx mouse model of Duchenne MD (DMD), apoptosis precedes necrosis [12] [13] [14] [15] . Apoptotic nuclei were detected in dystrophic muscles, particularly in interstitial cells such as macrophages and activated satellite cells; however, some myofibers with centrally located nuclei were also TUNEL-positive, suggesting DNA fragmentation and apoptosis [15] . Moreover, in the mdx mouse model of DMD and in DMD patients, upregulation of pro-apoptotic proteins such as Bax and caspases was observed in myofibers, suggesting that under pathological conditions, these myofibers undergo apoptosis [13, 16, 17] . Detection of apoptosis and decreased Bcl2 expression have been observed in other MDs such as Limb Girdle MD type 2C patients [18] , and congenital MD type 1A [5, 19, 20] .
Halofuginone is a novel anti-fibrotic agent which has been shown to inhibit transforming growth factor β (TGFβ)-dependent fibrosis in various animal models in which fibrosis is the hallmark of the disease [21-23, reviewed in 24] . Recently, halofuginone has been reported to inhibit cardiac and skeletal muscle fibrosis and enhance motor coordination and balance in mouse models with early disease onset, such as mdx and the laminin α2-deficient dy 2J /dy 2J mouse model of CMD [25, 26] , reviewed in [27] . Halofuginone also improved muscle histopathology and function in a dysferlin-knockout mouse model for dysferlinopathy, a late-onset MD [28] . Moreover, halofuginone treatment decreased muscle fibrosis and improved lung and cardiac muscle functions in older mdx mice with established fibrosis [29] . In addition to its effect on fibrosis, halofuginone has a direct effect on muscle cells and promotes myotube fusion in primary myoblasts derived from normal and dystrophic muscles [30] .
The primary mechanism of halofuginone action is probably inhibition of Smad3 phosphorylation downstream of the TGFβ-signaling pathway, as shown in various cell types [24, [31] [32] [33] [34] , including myoblasts derived from normal and dystrophic muscles [25] [26] [27] 30] . It has been suggested that halofuginone, via inhibiting Smad3 phosphorylation, inhibits the differentiation of fibroblasts into myofibroblasts [24] ; the latter possess migratory capabilities and are the primary source for extracellular matrix (ECM) secretion during wound healing and fibrosis [35] [36] [37] .
It has been reported that halofuginone promotes the phosphorylation of Akt and mitogen-activated protein kinase (MAPK) family members, and enhances the association of Akt and MAPK/extracellular signalregulated protein kinase (MAPK/ERK) with the non-phosphorylated form of Smad3, resulting in decreased Smad3 phosphorylation [30] . Recently, halofuginone has been reported to reduce inflammation by activating the amino acid starvation response [38] .
In this study, we investigated the role of halofuginone in muscle-cell survival of normal and dystrophic mice. We report that halofuginone reduces the number of apoptotic nuclei in the mdx mouse diaphragm in general, and that of Pax7-expressing satellite cells and macrophages in particular, together with a reduction in Bax expression in both isolated myofibers and myoblasts, resulting in increased myoblast survival. In addition, halofuginone increases apoptosis in myofibroblasts, the major source of extracellular matrix (ECM) in MD, suggesting an additional muscle-function-enhancing mechanism.
Materials and methods

Reagents
Dulbecco's Modified Eagle's Medium (DMEM), sera and antibioticantimycotic solution were purchased from Biological Industries. Collagenase and staurosporine were obtained from Sigma. Ly294002 and UO127 were purchased from Calbiochem. TGFβ was purchased from PeproTech Asia. Halofuginone bromohydrate was obtained from Halo Therapeutics, LLC.
Mice
C57/BL/6J (Wt) and mdx mice were housed in cages under constant photoperiod (12 L:12 D) with free access to food and water. The mice were injected intraperitoneally with either saline or 7.5 μg halofuginone three times a week for 2 weeks, starting at 4 weeks of age. All animal experiments were carried out according to the guidelines of the Volcani Center Institutional Committee for Care and Use of Laboratory Animals (IL-234/10).
Physiological parameters
Motor coordination and balance were evaluated with an accelerating single-station Rota-Rod treadmill (Med Associates, Inc.) as previously described [25] . In brief, the mice were placed one at a time on the rod, which was rotating at an initial speed of 3.5 rpm; the speed was gradually increased from 3.5 to 35 rpm over a period of 5 min, and the time that the mice stayed on the rod was recorded. The mice were subjected to three successive trials in each session, and the test was repeated on two consecutive days. The performance of each mouse was measured as the mean of its best individual performances over the three trials on the second day.
Cell preparation
Primary myoblasts and fibroblasts from the diaphragm of mdx mice were prepared as described previously [30, 39] . Primary cultures and C2 myogenic cell line [40] were grown in DMEM supplemented with 20% (v/v) fetal calf serum. Cells were plated sparsely at 4 × 10 3 or 5 × 10 4 cell/cm 2 for C2 muscle cells and primary myoblasts and fibroblasts, respectively, for 1 day, after which the medium was replaced with fresh medium, with or without 10 nM halofuginone. In some cases cells were immunostained for fibroblast-specific protein1 using a monoclonal antibody (Abnova, 1:100).
Single-myofiber preparation and immunostaining
Single muscle myofibers were isolated from the gastrocnemius muscle of 6-week-old mdx and Wt mice, as described [41, 42] . Briefly, mice were sacrificed and the gastrocnemius muscles were carefully removed. The outer connective tissue was removed and the muscles were immersed in a 2.5-ml solution of 0.28% (w/v) collagenase type I in DMEM for 60 min for Wt mice or for 90 min for mdx mice. The collagenase-treated muscle was then transferred into horse serum (HS)-coated Petri dishes containing 10 ml of DMEM with 10% (v/v) HS (growing medium) for full coverage of the digested fibers, and triturated with a wide-mouth pipette. Myofibers were then washed three times with 10 ml growing medium and placed in 90-mm coated plates. For immunostaining, the myofibers were transferred to 35-mm plates, fixed with 4% paraformaldehyde followed by incubation with Triton X-100 (0.5% v/v in PBS) and blocking with 20% (v/v) goat serum in PBS. The myofibers were incubated with polyclonal anti-Bax (1:150, Santa Cruz Biotechnology) and polyclonal anti-Bcl2 antibodies (1:150, Calbiochem) overnight at 4°C, followed by incubation with Alexa 594 goat anti-rabbit (1:300, Jackson) secondary antibody for 1 h at room temperature, and nuclei were then stained with 4′,6-diamidino-2phenylindole (DAPI). The myofibers were visualized under a fluorescence microscope (Olympus) with a DP-11 digital camera (Olympus).
TUNEL staining
TUNEL staining was performed with the MEBSTAIN Apoptosis Kit Direct (Medical & Biological Laboratories Co.) according to the manufacturer's protocol. This method detects nucleosome-sized DNA fragments by tailing their 3′-OH ends with digoxigenin nucleotides using terminal deoxynucleotidyl transferase (TdT). Paraffin-embedded muscle sections were deparaffinized and rehydrated, then pretreated with 20 μg/ml proteinase K for 20 min at 37°C. The slides were then incubated with the TdT buffer containing the enzyme and FITC-labeled nucleotides for 1 h to allow the tailing reaction to occur. After washes, the slides were stained with DAPI. In case of double-immunostaining, slides were immunostained with primary monoclonal antibody to βdystroglycan (1:50; Abcam) or to polyclonal antibodies to either Pax7 (1:100; Abcam), Bax (1:50), α smooth muscle actin (SMA, 1:100; Cell Marque), prolyl-4 hydroxylase (P 4 Hβ, 1:100; Proteintech Group, Inc.), macrophages (1:200; Acris Antibodies) followed by secondary Alexa 488 donkey anti-mouse or Alexa 594 goat anti-rabbit antibody (1:300; Jackson), prior to the TUNEL staining. Sequential images of the entire diaphragm from five slides from each mouse (n = 5) were taken under a fluorescence microscope using DP-11 digital camera. The numbers of all green-fluorescent TUNEL-positive nuclei, DAPI nuclei or double-stained cells were counted using CELL B software (Olympus).
Confocal microscopy
Microscopic observation and image acquisition were performed with an Olympus IX 81 inverted confocal laser-scanning microscope (Fluoview 500) equipped with a 405-nm diode laser, a 488-nm argonion laser, a 543-nm helium-neon laser, and a 60 × 1.0 NA PlanApo water-immersion objective. DAPI was excited at 405 nm and the emission was collected through a BA 430-460 filter; "GREEN" was excited at 488 nm and the emission was collected through a BA 505-525 filter; "RED" was excited at 543 nm and the emission was collected through a BA 560 IF filter. The transmitted-light images were obtained by Nomarski differential interference contrast.
Western blot analysis
Western blot analysis was performed as described previously [43] . Briefly, equal amounts of protein were resolved by 10% SDS-PAGE and then transferred to nitrocellulose membranes (Bio-Rad Laboratories). After blocking, the membranes were incubated with the following primary polyclonal antibodies: rabbit anti-Bax (1:500), anti-Bcl2 (1:500), and rabbit anti-Ying-Yang 1 antibody (YY1, 1:500, Santa Cruz Biotechnology). The transcriptional repressor protein YY1 was chosen because its gene expression is not altered in the diaphragm of mdx mice after halofuginone treatment [44] .
Statistical analysis
The data were subjected to one-way analysis of variance (ANOVA) and to all-pairs Tukey-Kramer HSD test using JMP® software [45] .
Results
Halofuginone treatment reduces the number of apoptotic cells in mdx mouse diaphragms
Six-week-old mdx mouse diaphragm exhibited fourfold higher numbers of apoptotic cells compared with Wt mice as determined by TUNEL assay (Fig. 1Aa,c and B ). Halofuginone treatment of 4-week-old Wt mice for 2 weeks (7.5 μg, three times per week) did not change the percentage of apoptotic cells out of total nuclei in the diaphragm (Fig. 1Aa,b and B). However, halofuginone treatment significantly reduced the percentage of apoptotic cells in the mdx mice (over twofold), returning to close to Wt levels (Fig. 1Ac,d and B ). The reduction in the number of apoptotic cells coincided with lower collagen levels in the mdx diaphragms (data not shown). Analysis of motor coordination and balance with Rota-Rod demonstrated no difference in the performance of the Wt mice treated or untreated with halofuginone (Fig. 1C ). The mdx mice performed poorly, while the halofuginone-treated mdx mice performed significantly better than the untreated mice as well as the Wt mice, in agreement with previous studies [25] . 
The location of apoptotic cells in mdx diaphragm
A double-immunostaining of diaphragms derived from 6-week-old mdx mice for TUNEL and for Pax7, a marker for satellite cells [1, 2] , followed by quantitation analysis per total TUNEL-expressing nuclei revealed that the majority of the TUNEL-positive cells were satellite cells ( Fig. 2A and E) . In some cells, the double-labeling of Pax7 and TUNEL did not entirely merge with the partially degraded nucleus (DAPI staining) (Supplement 1). This may be due to the nature of this staining which may result from changes in antigen distribution associated with nuclear fragmentation. Interstitial cells were also positive for TUNEL, either for macrophages ( Fig. 2D ) and to a lesser extent for α-SMA (Fig. 2B ), and P 4 Hβ, a collagen cross-linking enzyme (Fig. 2C ), both proteins are highly expressed in myofibroblasts [36, 37, 44] ; the latter cells exhibited approximately 15 to 20% of the total TUNEL-positive cells ( Fig. 2E ). Halofuginone treatment of 4-week-old mdx mice for 2 weeks significantly reduced the number of TUNEL + / Pax7 + cells out of total TUNEL-positive cells by almost twofold (Fig. 2B and E) , and that of TUNEL +/ macrophage + cells almost 30% ( Fig. 2D and E) . Conversely, halofuginone treatment significantly enhanced the number of cells co-expressing TUNEL and αSMA and P 4 Hβ out of total TUNEL + cells by twofold and approximately 55%, respectively (Fig. 2B , C and E).
Halofuginone enhances the survival of myofibers
In light of the results from the TUNEL assay, we next tested the expression of the pro-apoptotic protein, Bax in diaphragm sections derived for 6-week-old Wt or mdx mice treated or untreated with halofuginone. As expected, Bax expression was barely observed in Wt diaphragms ( Fig. 3) and was even further reduced by halofuginone. High Bax expression was observed in almost all mdx myofibers including the ones with central nuclei (i.e., regenerating myofibers). A double-immunostaining for Bax and β-dystroglycan, expressed at the plasma membrane, revealed that Bax staining was with the myofibers (Fig. 3 , inner panel). Halofuginone treatment profoundly reduced the Bax levels almost back to those in the Wt.
The expression of the pro-and anti-apoptotic proteins, Bax and Bcl2, respectively, was evaluated in single myofibers derived from untreated or halofuginone-treated mdx or Wt mice. Freshly prepared myofibers from gastrocnemius muscle were immediately fixed and immunostained with antibodies against either Bax or Bcl2, side by side, under similar conditions. The proteins were expressed along the entire myofiber. High levels of Bax protein were observed in myofibers derived from untreated mdx mice compared while almost no Bax was observed in the halofuginone-treated mice (Fig. 4Aa,b) . Conversely, high levels of Bcl2 were seen in myofibers derived from halofuginonetreated mice, in contrast to the minimal levels of expression in the control myofibers (Fig 4Ac,d) . As in the tissue staining, no apparent difference in Bax or Bcl2 levels was observed between myofibers derived from halofuginone-treated and non-treated Wt mice (Fig. 4B ).
Effect of halofuginone on myofiber and myoblast survival in culture
Our findings raised the possibility that halofuginone directly improves the survival of muscle cells in mdx mice. To further investigate the protective effect of halofuginone on these cells, myofibers were prepared from 6-week-old mdx mice and immediately incubated in growing medium with or without 10 nM halofuginone for 24 h. The myofibers were fixed and reacted with antibodies against Bax and Bcl2. The non-treated myofibers exhibited high levels of Bax (Fig. 5Aa) , whereas the halofuginone-treated myofibers showed markedly decreased levels (Fig. 5Ab ). A reciprocal effect was observed with regard to Bcl2; its levels were low in the untreated myofiber and increased in response to halofuginone (Fig. 5Ac,d) . No major effect of halofuginone was found on Bax and Bcl2 expression levels in myofibers isolated from Wt mice (data not shown), in agreement with the results shown in Fig. 4B . A western blot analysis for Bax protein in mdx myofibers followed by densitometry (normalized to YY1) revealed that halofuginone reduced Bax levels from 0.87 ± 0.25 arbitrary units (AU) in untreated myofibers to 0.48 ± 0.25 AU in treated ones (n = 4, P b 0.05).
The upregulation of Bax levels found in myofibers derived from mdx mice raised the possibility that their associated satellite cells undergo apoptosis, which is reduced by halofuginone. To test this, primary myoblasts were prepared from the gastrocnemius of mdx mice and incubated for 24 and 48 h in growing medium with or without halofuginone (replaced daily), and then analyzed for Bax protein levels (Fig. 5B , upper panel). Densitometry analysis revealed that while Bax levels were similar at both time points in the control untreated myoblasts, they were approximately twofold lower in the halofuginone-treated cells (Fig. 5B ). Bcl2 protein levels increased after 48 h of halofuginone treatment (Fig. 5B, lower panel) .
The effect of halofuginone in preventing apoptosis was observed in mdx myoblasts and myogenic C2 cells treated with staurosporine. Cells were plated with or without 10 nM halofuginone for 1 day, after which staurosporine (0.5 μM) was added for an additional 13 h. Cells were then fixed, stained with DAPI and apoptotic/pyknotic nuclei were scored by morphological criteria (Fig. 6A) . In both mdx myoblasts and myogenic C2 cells treated with staurosporine, numerous nuclei with defragmented DNA (up to 40% of total nuclei) were observed. Treatment of the cells with halofuginone prior to staurosporine addition . Pro-apoptotic staining in diaphragms of mdx and Wt mice treated or untreated with halofuginone (Halo). Mice were treated as described in Fig. 1 and immunostained for Bax (red). Nuclei were stained with DAPI (blue). Note the high intensity levels of Bax in mdx diaphragm section expression across the myofibers, including in centrally-nucleated ones (white arrows), which is diminished by halofuginone, while in Wt mice Bax expression is barely noticed. Inner panel, a double-immunostaining for Bax and β-dystroglycan. Bar 10 μM in inner panel.
prevented the staurosporine-induced apoptosis by approximately three-and twofold in the C2 and mdx cells, respectively (Fig. 6B ). Addition of Ly294002 (25 μM), a stable phosphinositide-3 kinase (PI3K) inhibitor, or UO126 (10 μM), a specific inhibitor for MAPK/ERK signaling pathway, 30 min prior to 24-h incubation with halofuginone to C2 cells reversed the halofuginone effect and increased the percentage of pyknotic nuclei up to 60% and over 70% for Ly294002 and UO126, respectively. In contrast to halofuginone's effect, addition of 10 μM TGFβ for 48 h increased the percentage of pyknotic nuclei out of total nuclei by almost threefold compared to non-treated cells in mdx myoblasts (Fig. 6C) .
The effect of the combined staurosporine and halofuginone treatment on Bax levels of C2 cells was evaluated (Fig. 6D ). Staurosporine addition to C2 cells increased Bax levels more than twofold. Treatment with halofuginone alone had no effect on Bax expression; however, it prevented the staurosporine-induced Bax expression, with levels remaining comparable to those in untreated cells. Similar results were observed for primary mdx myoblasts treated with staurosporine ( Fig. 6E ). Addition of Ly294002 to these cells prior to halofuginone treatment reversed the halofuginone-inhibited effect on Bax levels (Fig. 6F) .
Due to its anti-fibrotic properties, the effect of halofuginone on apoptosis of fibroblasts derived from mdx muscle was tested. Halofuginone increased the number of pyknotic/apoptotic nuclei threefold ( Fig. 7A  and B) , and immunostaining for a fibroblast-specific marker, fibroblastspecific protein 1, revealed the identity of the pyknotic nuclei as that of fibroblasts (Fig. 7C ). Bax protein levels were induced by more than threefold relative to controls (Fig. 7D ).
Discussion
Apoptosis is one of the main causes of satellite-cell depletion in chronic pathological conditions such as MDs. This study shows that halofuginone, in addition to its capacity to reduce fibrosis and inflammation and improve muscle functions in MDs, is able to enhance the survival of myoblasts and myofibers in dystrophic mice.
In agreement with previous studies [14, 46] , less than 5% of the total nuclei were apoptotic in the diaphragms of the Wt mice whereas in the mdx mice, at as early as 6 weeks of age, a much higher number of apoptotic nuclei was observed. These nuclei were identified as activated satellite cells expressing Pax7-the majority of this cell population was Fig. 4 . Pro-and anti-apoptotic protein staining in single myofibers derived from gastrocnemius of untreated and halofuginone-treated (Halo) mdx (A) and Wt (B) mice. Single myofibers were immunostained side by side for either Bax (a,b) or Bcl2 (c,d) under similar conditions. Nuclei were stained with DAPI. Note the lower Bax and higher Bcl2 intensity levels in myofibers derived from halofuginone-treated mdx mice and the reciprocal results in their untreated counterparts; there was no apparent change in the intensity levels of these two proteins in the treated vs. untreated Wt mice. apoptotic (Fig. 2) , and interstitial macrophages, as previously shown in mdx mice and DMD patients [15, 17, 47, 48] . TUNEL-positive cells were also observed in central-nucleus position in myofibers, consistent with the high Bax levels found in the muscle tissue and in isolated myofibers from these mice ( Fig. 3 ), in agreement with previous studies in mdx mice [49] and DMD patients [15] , suggesting an apoptotic state of the cells prior to degeneration and necrosis [14, 48] .
The present study shows for the first time that halofuginone reduces apoptosis in dystrophic mice. This was indicated by a marked reduction in the number of apoptotic Pax7-positive cells (i.e., satellite cells), as well as Bax levels in the diaphragms of halofuginone-treated mdx mice, reaching close to those in the Wt. Moreover, single myofibers from the halofuginone-treated mdx mice exhibited lower levels of Bax and higher levels of Bcl2 than myofibers derived from non-treated mice (Fig. 4A) . These myofibers were immunostained immediately after their preparation and the protein levels likely reflect those in vivo, supporting the idea that halofuginone is capable of reducing the apoptotic state of myofibers in vivo. This protective effect is not specific to mdx mice, as similar results were observed in dysferlin-knockout mice (data not shown). Notably, halofuginone's reducing effect on macrophages was not as profound as on muscle cells. This could be due to the fact that the antibody used to mark the macrophages detects both, M1 inflammatory macrophages and M2, macrophages playing a major role in promoting muscle growth and regeneration; both populations are present in mdx mice [50] . As expected, halofuginone did not affect the numbers of apoptotic nuclei or Bax and Bcl2 levels in myofibers of the Wt mice, supporting our basic notion that the major efficacy of halofuginone lies in its ability to improve chronic pathological damage, such as occurs in MDs.
The primary action of halofuginone is suggested to be reduction of fibrosis by attenuating the fibroblast-to-myofibroblast transition, as has been demonstrated in numerous animal models, including MDs [24, [27] [28] [29] . It is plausible that the beneficial effect of halofuginone on fibroblast survival evolves from its inhibitory effect on fibrosis. However, the data here suggest that halofuginone also has a direct effect on muscle-cell survival. Treatment of mdx-derived single myofibers with halofuginone in culture reduced the expression levels of Bax and increased those of Bcl2. The number of pyknotic cells with apoptotic phenotype and the level of Bax expression were lower in halofuginonetreated primary mdx myoblasts than in untreated cells. Moreover, a similar inhibitory effect of halofuginone on Bax levels was observed in staurosporine-treated myoblasts, suggesting that at least in vitro, halofuginone directly promotes muscle-cell survival.
Recent papers have reported that muscle-derived myofibroblasts from DMD patients show increased resistance to apoptosis [51] . These cells are the main source of muscle collagen, as has been observed in mdx [25, 52] , dy 2j /dy 2j [26] and dysferlin-knockout mice [28] . In this study, we show that in contrast to its promotive effect on muscle-cell survival, halofuginone treatment of mdx mice increases the apoptotic number of the α-SMA and P 4 Hβ-expressing cells in the diaphragm (Fig. 2) and number of pyknotic nuclei and Bax expression levels in mdx-derived fibroblasts (Fig. 7) . Interestingly, a similar promotive effect of halofuginone on myofibroblast apoptosis was observed in pancreatic tumors [44] . Taken together, the data suggest that halofuginone protects muscle cells while decreasing the number of myofibroblasts by inducing their apoptotic death; this implies a dual role for halofuginone in this process, which is cell-type specific in muscle. These effects, along with halofuginone's inhibitory effect on the fibroblast-to-myofibroblast transition and subsequent fibrosis, may provide an additional explanation for the promotive effect of halofuginone on cardiac and skeletal muscle functions in various MDs [25, 26, 28, 29] .
What mechanism(s) governs the opposite effects of halofuginone on muscle cells and fibroblasts with regard to apoptosis in dystrophic mice? One mechanism might be inhibition of Smad3 phosphorylation downstream of TGFβ, which has been shown to be halofuginone's canonical mode of action in both fibroblasts and myoblasts [24, 28, 30, 33, 34] . TGFβ is the major activator of quiescent fibroblasts into differentiated myofibroblasts with migratory and ECM-production properties [53] [54] [55] . In contrast, TGFβ has been demonstrated to inhibit myoblast proliferation and differentiation [56] [57] [58] , at least in part, via the Smad3 pathway [59] , and to induce apoptosis in vitro, as found in this and other studies [60] . In light of these reports and our findings, it is highly likely that the opposite effects of halofuginone on myoblast and fibroblast apoptosis are mediated by the same signaling pathway-the Smad3 pathway downstream of TGFβ.
Halofuginone may also protect muscle cells via induction of Akt phosphorylation. Akt is considered a survival factor in many cell types [61, 62] , including skeletal muscle cells [63] , via its inhibition of pro-apoptotic signals such as Bad [64] and members of the FoxO family [65] , or activation of anti-apoptotic proteins such as Bcl2 [66] . In mdx mice, Akt signaling attenuated myofiber degradation, promoted myofiber regeneration and improved muscle function [67] . Attenuation of halofuginone's effect on the number of pyknotic nuclei and Bax expression in myoblasts by the PI3K/Akt signaling pathway inhibitor Ly294002 suggests the involvement of this pathway in mediating halofuginone-induced decrease of apoptosis. Protection of staurosporine-induced apoptosis via activation of the PI3K/Akt signaling pathway was observed in cardiomyocytes [68] , which may explain in part the increase in cardiac function in mdx mice after halofuginone treatment [25, 29] .
The inhibitory effect of halofuginone on Smad3 phosphorylation in myoblasts [25, 30] has been reported to be mediated, at least in part, by phosphorylation of Akt and MAPK/ERK and their association with the unphosphorylated form of Smad3 [30] . Halofuginone's survival effect on myoblasts was reversed by the MAPK/ERK signaling pathway inhibitor UO126. MAPK/ERK pathway was reported to promote myoblast cell survival by stabilizing the cyclin-dependent kinase inhibitor, p21 and inhibiting caspases 9 pro-activation [69] . Therefore, it may well be that MAPK/ERK and Akt signaling increases muscle-cell survival via a direct effect on pro-and anti-apoptotic proteins, or indirectly via inhibition of Smad3 signaling, or both.
A link between Akt activation, apoptosis and improvement in muscle functions has been observed in other MDs. Inhibition of apoptosis in laminin-2-null mice increased Akt phosphorylation, decreased inflammation, decreased levels of Bax protein and TUNEL-positive myonuclei, and activated caspase-3, resulting in increased lifespan and delayed onset of hind-limb paralysis [5, 19, 20] . The halofuginoneinduced decrease in apoptosis might provide a partial explanation for the improved muscle histopathology and function observed in laminin-α2-deficient mice dy 2J /dy 2J mice [26] .
In conclusion, our findings demonstrate the enhancing effect of halofuginone on muscle-cell survival on the one hand, and fibroblast apoptosis on the other, suggesting an additional mechanism for halofuginone's improved effect on histopathology and muscle functions in dystrophic mice.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.bbamcr.2014.03.025.
